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ABSTRACT 


The strain dependence and specific damping capacity 
ere) of che damping alloy, VACROSIL-010 (84.5 Fe, 11.3 Cr, 
2.4 MO), was determined using a modified version of the 
resonant dwell technique. Cantilever beam specimens were 
annealed for 1 hour at temperatures between 800°C and 
1100ºC. They were subsequently vibrated at their first 
three resonant modes (0-1000Hz) at room temperature. 

he eilseet on damping capacity pf changes in heat 
treatment were investigated using tensile hysteresis 
".. ፡፡ optical microscopy, X-ray diffraction (XRD), and 


scanning electron microscopy (SEM). 
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lI. INTEOAUE RON 


4 GENERAL 

Noise abatement and vibration control of dynamic 
systems (e.g., propulsion system) cre הכר‎ Gea 
features currently under investigation by the Navy for 
application in submarine and curria SG Di pic جح‎ 
tional structural alloys generally do 286812 בוו וכ ل 1ت‎ 
icant damping at stress amplicudes assoc 1 ٣١ 
vibration and noise emission.) herelone EN 
Schetky and Perkins [RET 117 ERE يم 2ك رك כב כ‎ a e 
methods of vibration and noise control which are employed: 
1. Isolation of the source of vibration ana nor Sem ک٤‎ 
moving parts? and the surfaces £0 they noce 
energy. 2. Dissipatlon ang attenuation Gi ener lesen. 
erated within the structure through the use of absorbing 
pads (i.e., rubber insulation for pipe Hangers i n. 
mounts). 3. Attenuation Of vibration and noise 07 
the use of materials whose composition and microstructure 
combine to absorb energy internally and dissipate it. 

The first two methods are effective, but in achiev- 
ing thela design goals, they contribute significant 
additional weight and utilize valuable space, features 
which tend to make them undesirable in applications aboard 


Submarines and ships. The third method has the potential 


to eliminate these problems, since there is the possibility 
of having a design without cumbersome attachments or encap- 
Sulated structures. However, the alloy design of high 
damping materials which fulfill the structural and energy- 
absorption functions of machine parts and construction 
materials is very difficult. 

In general, there are two primary problems assoc- 
lated with designing a material with high damping charac- 
Eten tico tRef. mp 1). 

1. Problems in the development of reliable methods 
for accurate measurement of the energy conversion 
process gceecuring within the material. 

2. A need to understand the fundamental processes 
pal cl io pe energy transfer Occuring within 
the material (i.e., the damping mechanisms) and how 
these mechanisms relate to the microstructure. 

c pit research by the Navy on the use of mater- 
gD Internal damping mechanisms is directed 
toward the investigation of the specific damping capacities 
دن‎ - 1-0122 commercial alloys and the relationships between 
the mechanisms of damping and microstructure and physical 
properties. The ultimate extension of this research will 


hopefully result in the development Of alloys designed with 


optimum damping and structural characteristics. 


B: BACKGROUND 


All materials exhibit some degree of vibrational 
damping through energy absorbing or energy dissipative 


phenomena. As mentioned previously, most structural alloys 
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1 


exhibit poor damping capacity at the amplitudes of stress 


associated with vibration and noise emission. The specitic 
damping capacities of the more common structural alloys 
(steel, brasses, aluminum alloys? are less than 1% (see 
Table 1). Cast products, such as 5137 שבכה‎ iron Cc picos, 
show higher capacities for damping than wrought. The in- 
ternal mechanism of gray cast iron ne כ 0 ₪ ות‎ o 
vibration damping is related to the large, flake-like 
particles of graphite In the microstruc ture ال‎ MG 
effective in absorbing energy resulting in specific damping 
capacities ranging from 57 to 1020 het l p 2051. כ‎ ۰ 
Other types of cast iron, containing more rounded graphite 
particles within the microstructure, exhibit lower damping 
capacities. 

In recent years, several new alloys have been devel- 
oped which @xhivbivt significance, migher Specii re mann 
capacities (in excess of 40%), including Cu-Mn-based alloys 
(SONOSTON, INCRAMUTE), Ni-Ti alloys CNITINOL), and Fe-Cr- 
based alloys (SILENTALLOY, VACROSIL, GENTALOY, etc.» Damp- 
ing in these high damping alls aS a ፡፡፡፡ 
traces םת 1< 0-1 הכ‎ To 7٥٦٦ تب‎ ٣ ےت‎ ٣٣۰٠٢٢ ٠٠٠٦٦ ٦ 6 ٤ ٣٦ 
interactions, as the microstructure of a material largely 
determines the mechanism(s) responsible for damping when 
given external variables are imposed. As outlined by de 
Batist [Ref.3], some external variables (such as frequency, 


strain amplitude and number of cycles) have a direct 
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፦። 


ን፡ .፡ ን ፡ ን ንቪ፡ with the vibrational state. Im the Ares OGL מ הת‎ 
damping phenomena, the external variables can produce a 
variety of microstructural responses, which in general 
result in damping due to irreversibilities incurred when a 
material is subjected to an alternating stress. This 
results in the absorption of energy via "internal friction" 
due to these irreversibilities. The internal friction 
results in the energy loss per cycle which is referred to 
as damping. The energy losses which characterize these 
irreversibilities may be evident in hysteresis curves 
representing magnetic, mechanical, and/or thermal losses. 
The degree of energy loss is closely tied to changes in the 
De roetrueture as a function of: 


e composition of the constituents within an alloy 
system 


e thermomechanical history 


° operating above or below a specific threshold temp- 
erature 


۰ operating above or below a particular stress level 
As a crystalline material is cyclically stressed, 
several microstructural damping mechanisms may be 
activated. They are: 
+ dislocation damping (Refs. 3,4] 
+ interphase boundary damping (Ref. 3) 


+ phase change effects (Ref. 3] 
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TABLE 1 


DAMPING CHARACTERISTICS OF SELECTED METALS AI ROM 
TEMPERATURE TIRED መየ 


METAL SDE YIELD STRENGTH DENSITY 
(42 = ( SM) 

Magnesium (wrought?) 49 26 1.74 
Cu-Mn alloys CINCRAMUTE, 

SONOSTON) 40 45 É 
Ni ZT + 43 ٢ 40 25 6.45 
Fe-Cr-Al ב‎ 40 40 7.4 
+280 iron ILE 23 nd 
Nickel (pure) 18 9 8.9 
Iron (pure) 16 10 86 
Martensitic 

stainless steel 8 85 Ta: 
Gray cast iron 6 25 TS 
SAP (aluminum powder) 5 20 2,58 
Low-carbon steel 4 50 7.86 
Ferritic stainless steel 3 45 CTS 
Malleable, nodular cast 

irons 2 50 ን 
Medium-carbon steel 1 60 7805 
Austenitic stainless steel 1 35 <8 
1100 Aluminum 03 5 21 
Aluminum alloy 2024-T4 202 47 22 ۶ 
Nickel-base superalloys SO RANGE Ee 
Titanium a loys <0 RANGE 4.5 
Brasses, bronzes 202 RANGE 55 


Previous research on “quien a!loye as the Nal 
Postgraduate School has been concerned mainly with 
nonferrous alloys, specifically the Cu-Mn based alloys, 
SONOSTON (Ref. 51] and INCRAMUTE [ Ref. 6], whose mechanism 
tor damping apparently involve the interaction of cyclic 
stress twinned and “tweed" microstructures (interphase 
boundary damping). 

In our study, the area of interest concerns itself 


with iron-chromium (Fe-Cr)-based alloys, and Spacitically 
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a Ren chrom um molybdenum <“Pe-Cr-Mo> alloy commercially 
known as VACROSIL-010. Previous research by Cochardt [ Ref. 
ت۶۰۰‎ ٣۶٠٦٠٦٥۷٦٣٠٠٠٦٦ ٣۲۰٠٠٠ ٣۰ Schilling and Houze [ Ref. 81, 
pacer Ref J]. SUZUKI, et al. LRef. 10), Masumoto, et 
al, (Reis, 11-13], Schneider, et al. {Ref. 14], and Kasper 
[ Ref. 15] has established that the primary damping 
mechanism for this alloy group is a function of the 
ferromagnetic properties of the material. According to 

de Batist [Ref. 3:p. 43], the damping is intimately related 
to the magnetomechanical interaction phenomena which 
naturally occurs in a ferromagnetic material (domain 


beundany damping? . 


G. DETECTIVE 

High material damping in various ferrous alloys, 
especially the binary systems Fe-Cr (12-16 wt. % Cr) [ Ref. 
Manda Fe-Mo (2-5 wt % Mo) [ Ref. 12], has been previously 
reported, as well as in the ternary Fe-Mo-Cr (Refs. 10, 13] 
and Fe-Cr-Al [Refs.16-19] systems. A relatively new high 
damping Fe-Cr-based alloy has beed introduced to the 
commercial market by Vacuumschmelze, G.M.B.H. (VAC), of 
Hanau, West Germany, with the registered trade name of 
VACROSIL-010. This material is available in two diverse 
compositions (Fe-Cr-Al and Fe-Cr-Mo, the latter refered to 
ss a emntoslon resistant grade) !Rei.15]1. The corrosion 
resistant version of VACROSIL-010 (Fe-Cr-Mo, which will be 
refered to here as VACROSIL-010(Mo)) is of especial 


ملا 


interest to the Navy. Bearing this e eee በቦሮዎ. 
objectives guided tnis recepi ٣ 

e to determine the <6 1836 7387531 ככ תכ יכ‎ Foo mes 
erature damping properties of VACROSIL-010(Mo> to 
applied Strain (or stress) under Qa nda lone sn 
conditions for various heat treatment conditions 
(1 hour annealing at various temperatures between 
800°C and 1100°C followed by subsequent furnace 
cooling or water quench). 

. to attempt to metal losrapni ca ie wena hserceni ze ho 
microstructures associated wlth Dal dampens AN 
VACROSIL-010 (Mo). 

° to survey the physical properties of the material for 


various heat treated conditions End determine their 
relationship with ۰7 ٦ 


D. MACROSTRUCTURAL DAMPING 
1. Measurement of Damping 

The ability of a material colabsorb vibratienal 
energy and transfer Chat energy Ta ocher forms 1s a= כ‎ 
as the damping capacity of a solid. lhe speelile lems 
capacity is the fraction ot che bractional enere Man 
amplitude absorbed during gone cele al ፡ ፡  ሜ ሜጫጠከእሜጮማጮኮጮዎ፡ ር፡ E 
several parameters which Characterize the vibracion אתו ב‎ 
or a 5 ከር 

a. Logarithmic Decrement (S ) 

The natural logarithm ork ne ++ ו‎ 110 

successive amplitudes is the logarithmic decrement. For a 
linear system, free vibrations decay exponentially. 
Therefore, the faster the decay, the larger the damping. 


(Ref. OUS o] 
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alas os Ci/n)intas/as) SCOTI 
where n = number of cycles between as and an 
p- Quality Factor) 
A measurement of the sharpness of a resonance 
loco crown as the quality factor. Ref. 21:p,»76] 
Q = Con/COz2-CO:3 = 1/2 5 (eqn 1.22 
where + עס ב כ הס כ ו‎ 
G.: Imtesneal Friction (97?) 
The inverse of the quality factor is known as 
meer Nal frietion.»{ Ref. 3: p. 41] 

QT! = (co2-001)/C5n = 25 0+ ۹۹۹۹٦ 
This is also known as the loss factor which is defined as 
Che ratio of the loss modulus and the dynamic elasticity or 
storage modulus. 

d.  Normalized Bandwith 
For the half power point method: damping can be 
measured in terms of the width Ca5s2-a51) of the peak at the 
resonant frequency (con) at points corresponding to .707 of 
the amplitude. This corresponds to the points at which the 
stored energy is half its maximum value at the resonant 
frequency and normalized by the associated resonant 


frequency. [ Ref. 19:p. 76] 
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Figure 1.1 Normalized Bandwith (Ref, 15:p. 171 


e. Specific Damping Capacity a be) 
The SDC is the percentage of strain energy 


dissipated during a stress cycle for an oscillating system 


(Ref. 22:p. 444]. 

SDC = (@1+1*-a1*)/ai= Ceqn 1.4) 
if (81-ו>31>‎ is small, SDC Gan be "3٣٣٣.٣٦٠٠٠٦٥ ٣ 
22:p. 444] 


SDC = (8%-ו+2%831‎ 1. (eqn 1.5) 
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2 םב‎ mine lema) 

The angle by which strain lags behind stress 
under cyclic loading is known as the phase angle. ([ Ref. 
co: p. 445] 

Lan ce = EP לד‎ 1) 2 / 2-0 = = ¿TU )6 1.6) 
For small values of damping, ee 077517770116 following 


em ons hol (Ref. 6:p. 16-19] 


tan x = چو رک‎ > ھ٦‎ -2 
(6%%כס‎ 2 2007rQ-' ceqn 1.7) 
SES Ona nie quen ey Cen) 


Mie natural frequency of a cantilever beam 


EEnresponding to the n^ mode Ref. 21:p. 4641 


CR SE A) BTM) = (egn 1.99 
where 
₪ Hanc Ss Modulus gl. Elasticity 
f Moment of Inertia 
m mass density per unit length 
1 7۰۰0۶ و‎ ٣٠٢۰٣606 1 


T1 function of the mode of vibration of the 
beam values for several different modes (n) 
are given below for a clamped-free beam 
(Ref. 21:p. 466] 


-OPI (Sal =‏ ית 


il 0 375160 
2 4.6941 22.0345 
3 7.8548 85052 
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2. Macrostructural Damping techavote— 

Damping measurements on Fe-Cr alloys have been 
performed in most cases in the past 511185 ወ... ሪሽ፡፡ጃ፡ቓ፡ኘቄቋቄቄ፡ M 
ted torsion pendulum apparatus [(FRefs. 11-19,17] under free 
decay conditions, or via forced braco ሠ! . 
Another method which has been utilized has been the 
cantilever beam method (Ref. 10,14] where damping is also 
determined from the decay of free oscillations. 

A method which has begun to enjoy increasing 
popularity is the single cantilever beam resonance dwell 
apparatus. This method, developed by Bolt, Beranek and 
Newman, Inc. [Ref. 23] can be used to determine the stress 
and frequency dependence of material damping over a 
25-1000 Hz frequency range. The resonance dwell technique 
is a forced vibration method of indirectly determining the 
loss factor of a simple structural element by measuring its 
response to excitation at a Medal ۲ ۳۰۰9 ٥ INS ከ ርህ 
was demonstrated successfully as an effective means of 
vibration damping measurement for high damping alloys by 
Kaufman, Kulin, and Neshe (Ref. 24] for NiTi and CuAlNi. 

The structural element used is a cantilever beam 
which is@¢@lamped to a bar, which in turn is conbecied ai 


one end to an electromagnetic shaker and the other end to a 


heavy base. An accelerometer is mounted to the bar at the 
root of the sample. The response of the support system is 
measured in this way. The specimen (cantilever beam) 


Ze 


response is measured by means of a microscope focused on 
the tip of the cantilever beam. The tip is illuminated by 
a stroboscope set to flash at nearly the same frequency as 
the mechanical oscillation of the tip of the beam. The 
fundamental natural frequency, f, of a cantilever beam of 
Benet (inches) and thickness h (inches) is: (Ref. 23:p. 
6] 

E ኮ > 2/1 -7'(כ]/םכ2כרם-‎ (cycles/sec) (eqn 1.9) 
where Cn = Sal from (eqn 1.8) and p is the density of the 
peepee in Cib/inº) and Eis thel dynamic Young's Modulus. 
The length is the vibrating length of the beam, while the 
]) 300 is 0.53 inches, conformingi to the width of the bar to 
which the specimens are clamped (see Figure 1.2). 

A modified version of this method was developed by 
Professor Y. S. Shin of the Naval Postgraduate School. ۳ 
this, the optical microscope assembly is replaced by an 
accelerometer mounted at the beam tip. The signals pro- 
duced by the input accelerometer (at the root of the spe- 
cimen) and the output accelerometer ‘at the tip) are 
processed by a spectrum analyzer to produce the frequency 
response of the vibrating beam at a resonant mode. This 
method has been tested and compared to a forced torsion 
pendulum device for the measurement of damping in SONOSTON 
by Dew (Ref. 5] and further tested by Reskusich [ Ref. 6] 


for INCRAMUTE. 
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Figure 1.2 Specifications for Resonant Dwell Method 
Damping Specimens (Ref. 6:p. 44] 
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MICROSTRUCTURAL DAMPING MECHANISMS OF FERROMAGNETIC 
ALLOYS 


AS Outlined previously, the microstructural mechanisms 

which contribute to high damping are: 

ET ASG LION damping 

* interphase boundary damping 

e phase change effects 
Jn ferromagnetic materials, damping generally is a function 
of two damping mechanisms. The damping caused by the 
magneto-mechanical hysteresis effect is the primary mode of 
damping. This damping mechanism is described by de Batist 
[ Ref. 3:p. 43] under the catagory interphase boundary 
damping. A secondary mode of damping is due to the inter- 
action of dislocations within the material (Ref. 25). 

meen E crystalline material is cyclically stressed, a 

number of microstructural mechanisms of damping may be 
activated. In ferromagnetic materials, «his results in the 
ReCO Mechanical effect. Ferromagnetic materials consist 
Stecomains, which are more or less randomly oriented in an 
ne cized material, Upon the application of a magnetic 
ASCO: a Stress, these domains tend to align themselves 
in the direction of the tensile strain. The subsequent 
movement of these domains results in an irreversible change 
٠۰۰٠ب‎ 1٦6 ے7‎ ٣۲011 oi the material called “Magnetostric— 
ו‎ nen a stress-strain curve for an unmagnetized 
ferromagnetic material is plotted, more strain is measured 
۰۰٠۰٠۰٠٠٢۰٠٣٠٠٠٢ ٣6٦ by Hooke s Law, and as stress is applied, 
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the domains tend to align themselves [ כ הש הבית‎ ስ ሚሜ ሜሮ 
On relieving the load, the elastic St) aire Den 
(assuming negligible plastic deformation), but the 
magnetostrictive strain remains almost constant, i.e., the 
unloading curve follows a hysteresis loop. RAS descri bedin 
Kuwabe and Kuwahara (Ref. 19:p. 325395] for the response BE 
SILENTALLOY (SIA) CFe-Cr-Al alloy), in the absence of a 
maznetic field, the amplitude response indicates a Shift of 
the resonance frequency to a lower frequency WILE Innere 


asing vibration force. The shift may be ascribed to the AE 


Ft, 


effect, ie., the change in E «Young's Modulus) with magne- 
tization; E depends Ga strain vamplitude and On הר וו כ‎ 
tion intensity, due to magnetostriction. The greater the 
area Of the Dysreresil> Lego che iarzenl che ٠٦٥٥ 
capacity of the material ron Mich xv may pe Menu 
that the damping capacities of 21211 511 مضت‎ ከር ንሰን ወ 
alloys are fTunetiens of כ בס סתשבת‎ i oneena St mess. 

As described above, on the microstructural scale, the 
damping properties of the material are related to the 
movement of domain boundaries upon the application of 
stress. In their work with grain oriented 3% Si re, 


schilling and Houze [Ref. 8] outlined the theory regarding 


the origin and actions Gf 2283122621215 no esse eee 


1. Ferromagnetic domains are ferromagnetically ordered 
regions within which magnetization is equal to che 
saturation magnetism. Therefore, the net magneti- 


zation iS a vetor SUM Gt the maghet izo Kenn a 
the domains. 


bu 


Upon the application of a magnetic field or external 

stress to a magnetic material, changes in the domain 

structure occur which produce changes in the overall 

specimen magnetization, as well as the specimen 

dimensions, ie., "magnetostriction". 

j. Response to changes in external field may be 

accomplished in either of two principle ways. 
Either magnetization within each domain may coher- 
ently rotate to a direction parallel to the applied 
field, or the boundary between two domains may move; 
in the latter case, the change in magnetization is 
entirely localized at the domain boundary. 

In a material such as 3% Si-Fe, magnetocrystalline 
anisotropy is large, therefore domain rearrangements occur 
by the movement of domain boundaries or walls between 
domains. These walls are called Bloch walls [Ref. 26:p. 
613] and are typically considered to be around 1000A 
(angstroms) thick. Bloch walls serve in a manner similar 
to grain boundaries and are narrow zones in which the 
magnetic moment vector gradually and continuously changes 
from one domain to the next. 

Another point of importance is the magnetic tran- 
sition (Curie) temperature of the material. When the 
temperature of a ferromagnetic material is increased, the 
acceda neral energy reduces the magnetic permeability 
(magnetization) and permits domains to become randomly 
oriente Heating above ithe Curie temperature results in a 
Comece cransformation to a non-magnetic (paramagnetic) 


state in which the domains are randomly oriented throughout 


the material. 


to 
^ 


To Summarize, the application Gema 
ferromagnetic material acts ፒተዕርጋ | | የኖሮ ስህርዕሪ ስ ሚሜፕ”ሮጋ colle lle 
in the direction of the stress ወ Under ב‎ weak magnetic 
field ‘or stress), the domains aligned with the applied 
field tend to grow at the expense ar nell elias da1 MS 
whose directions are less favorably oriented. As the field 
(stress) becomes stronger, it can also produce a rotation 
of the magnetic moment vector within domains toward the 
direction of the applied field (Stress her ו‎ . 
This domain movement results 1n 5122 11 1 5751 51 ص۹ كت‎ ۶ ፓይ) 
the dimensions of the maverialvea leq me grevos yr come 
When the energy imparted to the system in the form of vi- 
brations is utilized £0 preduce cals ב בת ד ככ ב‎ E 
resulting acvenuatronmer (nema 0177600۳717 ب9‎ Ora Mee 
constitutes damping, and turns out to be a relatively 
potent damping mechanisn. 

The relationship between the previously defined 
parameters of macrostructural damping and damping in fer- 
romagnetic materials is provided by Cochardt (Ref. 7:p. 
197-199] for damping capacity, magnetostriction, critical 
stress, and maximum stress. The damping capacity is ex- 
pressed as the logarithmic decrement (<S') 

& = 17/22 7 0 (eqn 1.10) 
where U = mean elastic energy of the specimen. This is 
directly related tó our original +8117: 


logarithmic decrement by Thomson [Ref. 21:p. 34] 
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We = . رورت ری یٰ‎ j coc =/E)av (eqn 1.11) 
where AU is the energy dissipated in the entire specimen 
pn eee per unit volume [ Ref. 7:p. 1971 

AU = (17V) È avav (eqn 1.12) 
where dU is the energy loss per cycle and unit volume at 
the volume element dV. dU represents the area of the 
كن‎ 53-00521959515 loop described by the magneto-mechanical hys- 
teresis. For small stresses, the area of the hysteresis 
loop is described by:[ Ref. 7:p. 198] 

dU = Dor = )6 1.13) 
where D is a constant according to Rayleigh's law. For 
stresses larger than the maximum stress, beyond which the 
area of the hysteresis curve remains constant, the critical 
566. >90ክርጮው c): [Ref. 7: p. 198] 

CU KAO e Ceqn 1.14) 

K = 4 for an ideal parallelogram-shaped loop 
ת‎ = 1 for mos mother cases 
x = saturation magnetostriction in the easy di- 
rection of magnetization. 
The assumption is made that Rayleigh's Law is valid up to 


the critical stress. Therefore, (Ref. 7:p. 198] 


dU = KAOS < O elo X CF وي‎ 
፣ በየ oU c- Oo m is maximum normal stress 


in a cantilever beam 
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Substituting the above relatianmince ٢٦٢١1117 
replacing dV by (dV/do-»do- the logarithmic decrement 
becomes: [Ref. 7:p. 193] 


ር Om 
© = 61/) ‹ጀኢ /20ን 1, ው ግ/ው e2 ‹ፈሃ/ቋው Dao = f 


6 
o e (dV/do ndok 06615 
As previously defined 
پ‎ ٢٣ = S/te 
Therefore, 
Oc GE 
qr = ؛,ب - ب 9 ہہ ٴ۶‎ ی٠‎ t f 
0 
6 
o ۰ءءءے‎ >do- ] Ceqn 1.16) 


It should be noted that dV/do- is the stress distribution 
7 ות‎ ene This can be evaluated in terms of the stress 
conditions of a cantilever beam: 

o = Mz/l ceqn kak?) 
where 


M bending moment 


= distance from the neutral axis of cantilever 
beam 

I moment of inertia of rectangular cross 
section 


For a cantilever beam, Cochardt defines the logarithmic 
decrement as: [Ref. 7:p. 1991 
S = OKA EO 2/0 m*) (1-0 2/0 m((3/431n(0 mio c)+ 
(15716 د‎ 0+8 7 


for o eSom 
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As mentioned previously, damping capacity in a ferro- 
magnetic material is a function of the magneto-mechanical 
hysteresis effect and to a lesser extent, dislocation 
damping. 

As crystalline materials are cyclically stressed, they 
exhibit effects due to dislocation damping such that when a 
force is applied to it, dislocations move and energy is 
Lost. Of course, if the applied force is high enough, the 
material will react plastically, which is characterized by 
an irreversible shape change. 

With the increase in damping exhibited by a ferro- 
magnetic material comes a maximum value of damping at a 
paunt ot critical stress. Beyond this point, gradually 
decreasing values of damping are reported with increasing 
تح‎ THIS 1S a@ttrrbutable to a saturation condition for 
damping; the domains cannot grow or move any further. Im 
addi rOn to this, Degauque, Astie and Kubin t Ref. 25] 
enc (in therr experiments with high purity iron) that an 
Mmteraction between 90° magnetic domain walls and dislo- 
cation tangles was evidenced. They found that dislocation 
tangles appear to be major obstacles to the motion of the 
magnetic domain walls. Single defects like isolated dis- 
locations can interfere with small displacements of mag- 
netic walls but, they cannot substantially oppose the large 


scale movement of these walls in the vicinity of the 
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maximum damping. Therefore an increase ll ١١٠٠٠٠٠. 
density produces a decrease of the intensity oi maximum 


damping and shifts itto higher = בב‎ aa D 


F. METALLURGY OF THE IRON-CHROMIUM ALLOY SYSTEM 

12 Si = 2 

The range of Fe-Cr binary alloys which are of 

interest as high damping 2 911011128116 1 3110995 3185 closely 
related to ferritic stainless steels, one of the three main 
classes of stainless steels “the Other Two Deine an cena 
and martensitic alloys).  Ferritic stainless steels are 
iron based alloys containing a nominal content of chromium 
ranging between 12 and 30 weight per cent. In general, 
ferritic stainless steels have seen much more restricted 
applications than austenitic stainless steels. The reason 
for this has been due to their susceptibility to 
embrittlement, notch Sensitivity) ana oor ד ו ב הנכש‎ 
factors which contribute to poor fabricability. However, 
advantages in the use of ferritic stainless steels include 
high resistance to stress-corrosion cracking, and excellent 
corrosion and oxidation resistance.  Ferritic stainless 
steels Have also been considered in view ne excell le 
damping properties. For example, evaluation of the damping 
capacity of turbine blade alloys for the Wairakei, New 
Zealand geothermal power station and other future power 


stations was reported in 1982 [Ref. 27]. The 


Sz 


magneto-mechanical damping properties of an AISI 403 
stainless steel were also investigated previously [Ref. 9]. 
Ferritic stainless steels are structurally quite 
simple. At room temperature, the Fe-Cr (a) solid solution 
has a body-centered crystal (bcc) structure. These alloys 
contain very little dissolved carbon, the majority of which 
appears in the form of more or less finely divided chromium 
carbide precipitates. 
Examination of the Fe-Cr binary phase diagram 
(Figure 1.3) reveals a great deal of activity in the range 
11% to 12% Cr content region. As outlined by Peckner and 
ה כ כ‎ hot. 59D. 9-2 = 5-37) the following relation- 


ships and potential transformations exist: 


° As a member of a group of elements described as 
ferritic stabilizers, chromium extends the (qa) 
phase field while narrowing and suppressing the 
gamma (Y2 face-centered (fcc) phase field. As 
evidenced in Figure 1.3, this creates a "gamma 
ססר‎ expending im temperature range from 650 € to 
1400°C. 


e Whereas the transformation from a to Y phase occurs 
Sie pure iron ar about 910 C, as chromium is added a 
depression of the transition temperature occurs to 
about 650°C at 6% chromium, then rapidly increases 
to about 1000°C as the chromium content reaches 12% 
to 13%. 


+ Whereas in pure iron the transformation from y¥ to @ 
ee mr > au about 1200 C, this reaction is depressed 
to about 1000 C in the 127? to 13% Cr range. Also 
Securing ac thTS pormnt it” the phase diagram 
ሺ ከን. roro» 1S a joining of the upper 
and lower temperature «:Y curves to close off and 
form the gamma loop. Beyond 12% to 13% Cr, 
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Figure 1.3  Fe-Cr binary phase diagram [Ref. 29] 


transformation to Y is no longer possible and an 
alloy would remain ferritic (bcc) over the entire 
range from room temperature to melting. 


e Between the extensive w phase field and the Y loop, 
there is a relatively narrow transition region 
where the alloy can have both « and Y phases. 
Because of the limited extent of this two phase 
region, depending on the annealing temperature, 
alloy composition and quench rate, this two phase 
region may or may not be retained upon cooling to 
room temperature. 

The physical parameters of the ¥ loop have been 
established for the Fe-Cr binary system through the work of 
Baerlecken, Fisher,and Lorentz (Ref. 28:p. 5-3]. Using 
magnetic measurements at elevated temperatures, the lowest 
point in the Y loop was identified at 840°C and 6.5% Cr. 
The greatest width of the « and Y phase field occured at 
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1075°C and reached to about 11.5% Cr. Variations in the 
extent of the ¥ loop were found to be very much a function 
of the addition of austenizing elements, particularly 
carbon and nitrogen. Increasing levels of these inter- 
stitial elements causes the Y loop to extend to higher 


chromium levels ‘see Figure 1.4). 
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Figure 1.4 Shifting of the boundary line (yta)/a in the 
Fe-Cr system through the addition of carbon and 
nitrogen [Ref. 28:p. 5-4] 

Another effect of carbon is that because of its low 
solubility in the « phase, excess carbon is rejected from 
solid solution to form complex carbides, such as (Cr,Fe)7Ca 
and (Cr, Fe)>3Ce, which precipitate predominately along 
grain boundaries. 

The strengthening mechanisms normally charac- 


teristic of stainless steels do not extend to the ferritic 


Stainless steels. Ferritic stainless steels are 
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characterized by the absence oí an a > Y transition upon 
heating to high temperatures. Consequently, the hardening 
of the material that occurs as a result of a Y > martensite 
transformation upon cooling will not normally occur. 

The largest single drawback to the use of 
ferritic stainless steels has been a loss of corrosion 
resistance and ductility following exposure to high temp- 
eratures. However, the addition of molybdenum (Mo) 
improves the corrosion resistance of ferritic stainless 
steels. 

2. Damping Properti- Tor ٰ 11 7 

The damping properties of Fe-Cr alloys are attri- 
butable to the magneto mechaniecnyvocenesis mechanicnaS 
sociated with ferromagnetic materials. This mechanism is a 
function of the material in wiiee Ope ates ani sa 
ectly related to the physical ኸ፡ር፪]፡፡ RE 05۳ ۰ى‎ ማሮ: 
associated microstructure. the following physical para- 
meters affect the domain wall mobility of the material and 
subsequently the damping capacity. 

a. Strain or Stress | BefoSwv ON 13195] 7. 99 

In general, damping capacity increases with 

applied stress or strain. However, the degree to which 
stress influences damping depends on the alloy's thermo- 


mechanical history. Additionally, it bas been ር led 
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many times that damping will reach a maximum value with 
stress beyond which further stressing will lower damping 
values. 

gk sala vork [ Refs. 14,15,24] 

The damping capacity is strongly deteriorated 
by cold work. A reduction of > 5% completely destroys the 
damping effect; however, it can be fully restored by a 
Succeeding heat treatment. 

See eee ec Fielda Refs. 7,9,12-15, 18,30] 

At high fields, the domain walls become fixed; 
i.e., the damping capacity decreases and finally 
disappears. Therefore, these alloys should not be used in 
applications where there are stray magnetic intensity 
כ כ רה‎ greater than the range of 50-100 A/cm. 


d. Magnetic (Curie) Transformation Point [ Refs. 
29,20) 


tne magnetic transformation temperature, 
otherwise known as the Curie temperature, is the point 
above which iron is paramagnetic and, below which is 
lerromaenetic.  Paramagnetic iron 15 nonmagnetic 
(permeability = 1.00). Ferromagnetic iron is magnetic 
(permeability > 1.00, the magnitude varying with 
composition). If fcc (yY) austenite is maintained to lower 
temperatures the alloy will remain paramagnetic. At room 
temperature y-austenite is nonmagnetic while a-ferrite 


፣ያጅ mis [crromagnetic, Therefore, the magnetic 


3 


composition and hence the ultimate damping capacity is 
affected by the degree of paramagnetism evident in the 


٦‏ יד 
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PI: CEDURES 


The alloy VACROSIL-010 (Mo) was supplied by David W. 
Taylor Naval Ship R & D Center, Annapolis Laboratory, in 


u r a ciroular plate (13.0 inch diameter X 0.5 inch 


1. ፡ቄ፡. The actual composition of the alloy was determined 
Pa namet Laboratories, Inc., of Berkeley, California as: 
Fe Cr Mo Cu Mn Si remainder 


W/O SO O OST 0,34, 0.21 0.09 


All specimens were annealed for 1 hour in a tube furnace 
beer lowe argon gas at temperatures of 300°C 900°C, 
1000°C, and 1100°C. A set of specimens from each 
Temperature was furnaced cooled under flowing argon gas, 
while a second set was water quenched. All samples were 
stored at room temperature until required for testing. 

oubsize tensile specimens were cut from the as received 
plate in accordance with Reference (31). Tensile tests for 
heat treated samples were conducted on an Instron Universal 
ክው instrument ™ Model TI-D at a strain rate of 3.33 x 
EU seem. Tensile tests to fracture, for speeimens 
furnaced cooled and water quenched from each annealing 
temperature (800°C, 900°C, 1000°C, 1100°C) were conducted 
at ambient temperature. Subsequently, tensile load-unload 
tests at low strains were conducted on furnace cooled 


55 900 ^C and 1100707 in an effort to observe in more 
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detected in the earlier tests and to determine if a 
pseudoelastic region existed. Rockwell B (Re) hardness 
readings were taken after tensile testing, using a Wilson 
Rockwell Hardness Tester Model 1JR (B scale, 1/16 inch 
ball, 100 KILO Load): Fracture surfaces were examined 
using a Cambridge Scanning Electron Microscope. 

Specimens for optical microscope examination were 
prepared from the tensile samples. Specimens mounted in 
bakelite were mechanically 22 802284 Use neon caros 
(SiC) in a grit sequence of 240, 320, 400 and 600. 370 
emery paper was then used prior to polishing. Hand 
polishing was done on 8 inch rotating wheels using short 
nap cloth. The polishing sequence prion to final polish 
was accomplished using diamond polishing compouna s 
micron, O micron, 1 micron’) followed bula final pelisb 
using 0.05 micron Aluminum Oxide Slurry CAlz03). Samples 
were etched in Kallings No. 2 etch for 20 seconds, followed 
by ultrasonic cleaning between polishing stages. The final 
etch was for 30 secondst Standard metallographic procedures 
were followed. (Ref. 29:pp. 1-8] 

Lattice parameters were determined by X-ray diffraction 
for each heat treatment. A Phillips XRG-3100 X-ray 
diffractometer was used with a copper target tube at a scan 
rate of 1/2 degree per minute. The specimens analyzed were 


powder samples ground using a fine file. 
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The mass density <8) for each heat treatment was 
determined irom the specimens used for X-ray diffraction 
snalysls prior ta filing. 

Damping measurements were done at room temperature 
using a modified resonant dwell technique and the apparatus 
used in previous investigations of material damping at the 
۰۰۰٠٦٦٦٠٦ O@steradtate School (Figure 2.1) tRef. 15:pp. 37-451]. 
Damping specimens were cut to the specifications 
[ Ref. 23:p. 20] for the resonant dwell method. (See Fig. 
1.2) The variable dimensions of thickness and vibrating 
MENTA were selected as approximately 0.08 inches and 7.0 
inches, respectively. These resulted in a nominal mode 1 
resonance at 49.2HZ, with the resonant frequencies ior mode 
2 and 3 corresponding to 308.4 Hz and 863.43 Hz, 
respectively.: 511258 variations in specimen density and 
thickness of the beams resulted in a small frequency range 
variation of the modes between individual specimens. Some 
interference in frequency response curves was experienced 
during Mode 1 excitation. This was probably attributable 
to some degree of stray magnetic interference from the 
electromagnetic shaker, though this effect diminished with 
increasim applied load. The exact specimen dimensions are 


provided in Table z. 
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TABLE @ 


DAMPING SPECIMEN DIMENSIONS የ! ርር] ፣ዕ፻ NE 


HEAT TREATMENT 


800 
800 
900 
900 
1000 
1000 
1109 
2000 


NE 
FURNACE COOL 
WATER QUENCH 
FURNACE COOL 
WATER QUENCH 
FURNACE COOL 
WATER QUENCH 
FURNACE COOL 
WATER QUENCH 


THICKNESS 


. 3 
0788 
Orr 
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707395 
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US US 
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Block Diagram of Damping Experiment Components 
[ Ref. 
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III. RESULTS AND Discuss 


A. DAMPING CHARACTERISTICS OF VACROS TE MO CME) 

The relationship of specific damping capacity (SDC) ta 
average peak strain, € peax, for VACROSIL-010 (Mo), is 
presented in Figures 3.1 through 3.8. 116. ששה כ‎ 5,1, “መጅ 
3.3, and 3.4, the SDC values for specimens furnace cooled 
and water quenched from each annealing temperature are 
shown. It is evident ממ‎ cvhere iS a = gl ٦ 
difference in SDC between the twomeocel ne On LO ss 
damping values for water quenched Samples are, for the mos 
part, relatively consistent ‘ranging between approximately 
5% to 15%) with very little strain dependence. The furnace 
cooled specimens, on the other hand, demonstrate 
significantly higher values of SDC and a strong strain 
dependence. Figures 3.5 through 3.8 reflect the SDC values 
at each mode of damping for the furnace cooled specimens 
from each annealing temperature. This data demonstrates 
that with increasing Cyclic strain am aa 
cooled specimens exhibit increasing SDC to a maximum, then 
display Slightly decreasing trend with increasing strain. 
The values of peak damping and peak strain (É peak) at peak 
damping are tabulated for each furnace cooled condition in 


Table 3. 
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1 ۶ 


SDC VS PEAK STRAIN‏ אוה 


ፍማ É. : 10-59) 
800*C 36.214 15.596 
900*C 49.005 6.714 
1000°C 36.349 12.639 
oC 54.717 NEA 


As mentioned in section I. E., the microstructural 
damping mechanism in an Fe-Cr alloy is predominately the 
result of the magneto-mechanical hysteresis effect. As 
demonstrated by the furnace cooled SDC data, upon the 
EPppPIUNchtion of cyclic loading to this material, significant 
damping becomes evident at quite low strains, with a very 
sharp increase in SDC with increased strain. This 
Eunnesponds to the attenuation of vibrational energy as 
ENS energy is used to align domains in the direction of 
Rec ni ond results in magnetostriction. One of the 

EET eM purposes ot annealing these alloys at high 
temperatures is to relieve residual stresses. This is 
because whereas the application of stress to the material 
activates the magneto-mechanical hysteresis effect, the 
existance of prestress (residual stress?) acts in the same 
way as a weak magnetic field applied to the material, and 
Gomains whose directions are favorably aligned with respect 
to the stress tend to grow at the expense of the 

pe Em np domains whose directions are less favorably 


Aoc hus, as a 05116 Load is applied to a material, 
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the extent to which the domains can rotate and that the 
Bloch walls can move has Deen limited ህጠ፡  ፡፡፡፡›፡ ፡.: 0 
thus resulting in lower levels of damping. In comparing 
the resultant damping capacities of furnace cooled and 
water quenched specimens, it may be speculated that furnace 
cooling allows the material to cool at a rate slow enough 
to minimize residual stress in the material. Water 
quenching the specimens obviously results שבוכ כ ו‎ 
residual stress level within the material, such as to 
substantially interfere with the damping mechanism and 
result in significantly lower levels Gf damping. 

When considering the effect of initial annealing 
temperature on furnace cooled specimens, an increase in 
peak damping was noted as the annealing temperature 
increased, with the exception of the 1000°C heat treatment. 
The 1000°C temperature heat treatment gave a lower peak SDC 
than those recorded at 900°C and 1100°C (furnace cooled 
specimens). No deviations in experimental procedure were 
noted at this temperature. This may indicate that some 
other factor besides the residual stress state is having an 
effect on damping; further discussion of this will follow. 

In previous damping studies on ferromagnetic alloys, a 
charateristic sharp peak of damping with strain, followed 
by a rapid decrease was typically observed. In most of 
these earlier studies, damping was evaluated using the 


inverted torsion pendulum method, with free decay 
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ሀ]... onsl conditions. As noted by Cochardt (Ref. 7:p. 
197], in a torsional oscillation system, the volume where 
the shear stress becomes a maximum divided 572 mor 
smaller, is 25%. In a cantilever bean, the volume where 
כ וק‎ 55255 15 a maximum divided by 2, er smaller, is 85%. 
In other words, in the case of the cantilever bean, the 
unsaturated magneto-mechanical hysteresis mechanism 
operates in a large part of the beam. On the other hand, 
for a torsion pendulum, the saturated hysteresis operating 
vOlume is predominant. Therefore, at a higher stress 
(strain) than the critical one (peak), it is supposed that 
the possibility of added damping from the high stress 
damping mechanism ls less in the torsional system than in 
בבר כ‎ ever beam arrangement. | This is confirmed by the 
Presence FUurnace cooled data, which indicates a much broader 
Strain range for high damping than has been indicated by 


previous data from the torsional pendulum. 


B. OPTICAL MICROSCOPIC EXAMINATION OF VACROSIL-010 

Bn attempt was made to correlate the damping 
characteristics evident in VACROSIL-010 with the 
ር 0-01 00126 at the optical microscopic level of 
examination. As mentioned previously, the Fe-Cr-based 
alloys of interest as high damping ferromagnetic alloys are 
closely related to ferritic stainless steels.  VACROSIL- 
010CMo) with a measured chromium content of 11.28 weight 4%, 
sno this category. It was noted in section I. F. 
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that on the equilibrium binary Fe-Craphase alas ram בוו‎ 
1.3), a chromium content of ll ES ו ב‎ 3 
two phase (« * Y? region at annealing temperatures 
employed. It was also noted that the range of this two 
phase region, and its shape, are affected by carbon and 
nitrogen content (Figure 1.4), the initial parameters oi 
the phase being established based on Fe-Cr alloys with a 
carbon content 61 0.004% .ت‎ 1  ))+٦+ 10 
For the VACROSIL-010(Mo) used in this work, carbon and 
nitrogen contents of approximately 0.001% and 0.004%, 
respectively, were measured. Based on this information and 
examination of the binary Fe-Cr phase diagram, it is 
reasonable toG assume that the extent of the Wa d Y mes ler 
being considered is very similar to that of the Fe-Cr 
binary diagram (Figure 1,37. At SOC CTC and 909 ርን بب‎ 
below the nose of the (a + Y) phase region. At 1000°C, it 
would appear that the composition of VACROSIL-010<Mo) 
places it just within this region; while at 1100°C we are 
quite close to the edge of the (a + Y) phase but probably 
just above*it. _ Examination of the ternar כב בתכ‎ mc ٦ 
for Fe-Cr-Mo at isothermal sections of 900°C and 1250°C 
(Figure 3.9) demonstrates the possibility of the formation 
of several intermetallic phases, most notably a x (chi) 
phase described as a cubic structure of approximate 


composition FeseCr:izMo:o or FeaCrMo. [Ref. 29:p. 421] 


so 


Figure 3.9 
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Actual examination ot the 10700 8 0 Ure ae al ٦ 
microscopy produced no direct correlation between it and 
the damping capacity of the material. The microstructure 
was characterized by quite large grains, to be expected 
from grain growth at the high annealing temperatures. The 
formation of a second phase, located at the grain 
boundaries, was evident only for the furnace cooled 
specimens; this is possibly the interme -MCE ase 
This was not evident for the water quenched specimens. 
Also, a subgrain structure was noted for samples cooled 
from 1100°C (Figure 3.10). Examples of the microstructure 


are depicted by Figures 3.11 through 3.18. 
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Figure 3.10 Optical Micrograph of Furnace Cooled 
VACROSIL-010(Mo) Annealed 1 Hour at 1100°C 
(200X). Subgrain Structure Evident Within the 
Large Grains. 
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Figure 3.11 Optical Micrograph of Furnace Cooled 
VACROSIL-010(Mo> at (a) 50X and (b) 1000X 
Annealed 1 Hour at 800°C. 
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Figure 3.12 Optical Micrograph of Furnace Cooled 
VACROSIL-010(Mo)> at (a) 50X and (b) 1000X 
Annealed 1 Hour at 900°C. 
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Figure 3.13 Optical Micrograph of Furnace Cooled 
VACROSIL-010 (Mo) at (a) 50X and Cb) 1000X 
Annealed 1 Hour at 1000°C. 
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Figure 3.14 Optical Micrograph of Furnace Cooled 
VACROSIL-010(<Mo) at (a) 50X and (b) 1000X 
Annealed 1 Hour at 1100°C. 
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Figure 3.15 Optical Micrograph of Water Quenched 
VACROSIL-010(Mo> at (Ca) 50X and (b) 1000X 
Annealed 1 Hour at 800°C. 
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Figure 3.16 Optical Micrograph of Water Quenched 
VACROSIL-010(Mo) at Ca) 50X and (b) 1000X 
Annealed 1 Hour at 900°C. 
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Figure 3.17 Optical Micrograph of Water Quenched 
VACROSIL-O10 (Mo) at (a) 50X and <b) 1000X 
Annealed 1 Hour at 1000°C. 
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Figure 3.18 Optical Micrograph of Water Quenched 
VACROSIL-010 (Mo) at (a) 50X and (b) 1000X 
Annealed 1 Hour at 1100°C. 
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After careful examination of the microstructures, the 


following scenario for this alloy le presented: 


+ At 1100°C, the material appears to be holding just 
above the nose ef theta t y) wo phase yen mem but 
in the « region, and upon furnace cooling, passes 
through the (a + Y) two phase region, where forma- 
tion and then dissolution of the Y phase leads to 
the observed subgrain structure. However, the 
length of time that the alloy is in the two phase 
region is insufiicient תס1 5 כו ו כ נה ס5‎ 
of the Y phase. Subsequently, formacion of an in 
termetallic second phase appears along the ferrite 
grain boundaries. Specimens quenched from 1100°C 
showed no evidence of a subgrain structure and lit- 
tle precipitation of כ ראת ו ותה‎ SDhase along 
the grain boundaries. Quenching the material ap- 
parently retards the « ~ ¥ diffusional reaction and 
x phase formation: 


5 At 1000°C, it is not certain whether the alloy is 
within the (a + y) or Y region based on our optical 
microscopic observations. However, precipitation 
of the x phase again is evident upon furnace cooling 
only (not evident in the water quenched specimens), 


and no subgrain structures in the ferrite was evi- 
dent. 


e At 800°C and 900°C it can be safely assumed that the 
alloy is below the gamma loop. Again, there 15 some 
intermetallic phase (y5 precipitation along the 
grain boundaries in the furnace cooled specimens. 

In Summary, based on optical microscopic examination, 
it is not possible to discern a marked correlation. between 
microstructure and damping cdpaeley ear he ame MN. second 
phase dies appear to be decorating the grain boundaries of 


the furnace cooled specimens, but clearly this is not 


causing a detrimental effect on damping. 
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p הכהו‎ DIGERACIION RESULTS 

As stated previously, the chromium content of the 
VACROSIL-010<Mo) experimental alloy was measured at 11.28%, 
كيدا‎ In Close proximity to the (a + y) two phase 
region. The molybdenum (Mo) content of VACROSIL-O10 (Mo) 
was measured at 2.45 weight %. Both Cr and Mo are bcc 
)፡፡ ፡፤ AME ferrite Stabilizers. Analysis of X-ray dif- 
mae oan results revealed essentially a bce structure 
Ronson) 1 nere was no indication of any lattice 
distortion or additional peaks which might correspond to 
the formation of any additional phases. The mass densities 


«የ6. 6ዌቹ. nn heat crearmenp are provided in Table 5. 


TABLE 4 


BRICs PARAMETERS FOR EACH HEAT TREATMENT CONDITION 
OF VACROSIL-010 


ANNEALING TEMPERATURE LATTICE PARAMETER 
CGD (ANGSTROMS) 
mauu ——VATERSQUENCH —— FURNACE COOL 
800 2 20 ص‎ 2.8784 
900 2. 87506 2 OOS 
1000 2.8743 2.8748 
1100 2.8769 287698 


TABLE 5 


DENSITY VARIATION IN VACROSIL-010 WITH HEAT TREATMENT 


ANNEALING TEMPERATURE DENSITY (LBSAINS) 
° W 6 
800 . 9 6, 
900 |: 201929 . 27957 
1000 >7 23 
1100 . . 282784 


D. MECHANICAL PROPERTIES OF across 
The mechanical and electomagnetic characteristics of 
VACROSIL-010 are presented ‘see Table 6) from the 


manufacturer's specifications. 


TABLE SS 


MECHANICAL AND ELECTROMAGNETIC CHARACTERISTICS 
OF VACROSIL- ONO ) 282-1956 Sl 


Ultimate tensile strength 450N/mm? 65, 264. 34psi 
Elastic lim ol ٣٦ 

point) 7 0ت‎ 0 ٣ 320N/ mm= 46,410.21psi 
0 ۲ 7.47g/cm? OQ equ pA TIS 
Young's Modulus 173 RN, mime .כ‎ Soe io pad 


Electrieal 6 ٥٠٦ 0.96 X 10% 5/m O90 EOS mimo MD 


Relative permeability Hr 300 


Figures 3.19 and 5,20 are Ceompos כ כ‎ LEAL 
diagrams for the water quenched and furnace cooled tensile 
specimens of the presently investigated VACROSIL-010 (Mo). 
Hardness and elongation dsra are pre lec ome eens ee 
These results agree with handbook values for ferritic 
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Figure 3.19 Stress-Strain Curves for Fractured Furnace 


Cooled Tensile Specimens. 
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Figure 3.20 
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stainless steels. No appreciable change in hardness 
associated with annealing temperature is noted in either 
the furnace cooled or water quenched samples. A slight 
increase in ductility is noted with annealing temperature 


in the water quenched samples. 


TABLE 7 


HARDNESS AND ELONGATION DATA FROM TENSILE 
TESI OF VACROSIL-010 


HEAT TREATMENT HARDNESS ELONGATION 
9 2 ( 6 


WATER QUENCH 


800 SOAS 29 
900 כ‎ 24 
1000 SO. nes 32 
1100 80.64 43 


FURNACE COOL 


300 995. 690 23 
900 83.14 28 
1000 SS. 625 26 
1100 80202 24 


1215 2226 ታታ contains scanning electron microscope 
"٠.٠۰٣۷۰۳٣۹ ٣٢ 0 ٣٢٠٦ Of the fracture surfaces of each tensile 
specimen. It can be seen that ductile rupture character- 
istics increase with annealing temperature in the water 
quenched specimens. Inclusions were evident in all 
samples. 

fco Sr Signiticant aspeee of the tensile loading 
Eca Ciúmes SO and 2 20) occurs in the elastic region 


of the stress-strain curves, where a distinct region of 


6 


nonlinear elasticity was observed 1112 5311 רוכ כב‎ 7 
exception of the l000' C 28307 052955 0161520 gcn Vora 
more defined view of this is presented in Figures 3.21 and 
3.22. The absence of this feature in the 1000°C samples 
correlates with the lower damping capacity noted earlier 
for this heat treatment: In addition, a marked increase in 
Young's Modulus is noted, in contrast to the other heat 
treatments (the modulus of the 1000°C sample is 
approximately 16% - 21% greater in WQ specimens and 33% - 
37% greater in FC specimens than in samples from the other 
annealing temperatures). 

Cyclic hysteresis tests were also conducted for 900°C 
and 1100'C furnace cooled specimens, (loading to and 
unloading from 100, 250, and 500 ibs. for each specimen) as 
Shown in Figures 3.23 and 3.24, respectively. The loading 
is normalized for reduced cross sectional area. Unloading 
is typified by an elasticity such that subsequent loading 
forms a narrow hysteresis loop. Each of these loops is 
characteristic of a hysteresis response which is 
pseudoelastic in nature. Pseudoelasticity is well known to 
occur in association with martensitic transformations and 
with the reversible movement of twin boundaries (Ref. 32]. 
These loops reflect the same sort of loading response 
indicated by the regions of nonlinear elasticity noted in 


Figures 3.21 and 3.22. What appears to be occuring is a 
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hs esr mn 01 pseudcelasticity due to the magneto- 
mechani CBI E DONS ን ne demain Structure. The 
Simic Oo GI the lack of a pseudoelastic effect in the 


1000°C specimens can not be overlooked. 
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A. CONCLUSIONS 

It has been demonstrated that VACROSIL-0O10(Mo) has 
quite high damping capacity under forced flexural vibration 
after it has been annealed at temperatures above 1100°C and 
allowed to cool at a rate whieh prevents ۶ن۶‎ 
internal stress in the material. Development of high 
damping in VACROSIL-010¢(Mo) requires a minimum residual 
stress state within the material. 

It has also been demonstrated that activation of the 
ferromagnetic damping mechanism is extremely stress 
(strain) dependent, exhibiting a saturation effect at a 
certain critical stress. Beyond this point, it will 
experience a slight decrease in damping with applied stress 
below Lhe Jle arene, 

On the optical microscopic level of examination, no 
observable effects were noted in the microstructure which 
may be correlated with variations in damping capacity. 

During tensile testing, a pseudoelastic effect was 
noted in the stress-strain curves for all heat treatments 
except 1000°C. This indicates the possibility of 
differences in the microstructure not observable at the 


optical level of observation. 
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RECOMMENDATIONS 


DECEM ne recosinciascions are proposed for further 


research and study on VACROSIL-010(Mo). 


a. 


Determination of microstructural features at a more 
5-9۲67 ۲۰٠٢۰٢ ٢٣6٦0 level af observation. 


More quantitative determination of the effect of 
cooling rate on the damping capacity of VACROSIL- 
OTTO: 


on O! phase changes Occuring Upon‏ בוה כ כ 
heating colina, such as via dilatometry:‏ 


of Bestins and cooling stages in the‏ קוו רוט 
transmission electron microscope (TEM) to observe‏ 
effects on magnetic domains above and below the‏ 
Curie temperatures.‏ 


ER ee eme ts o! prolonged vibration on the 
damping of VACROSIL-010 specimens. 
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FRACTURE SURFACE MICROGRAPHS FOR VACROSIL-010 (Mo) 


This appendix contains scanning electron microscopic 
(SEM) photographs of the fracture surfaces of tensile 
specimens corresponding to 1 hour annealing at 800°C, 
900°C, 1000°C and 1100°C (furnace cooled or water 


quenched). 





Figure A.1 Fracture Surface for Tensile Specimen of 
Water Quenched VACROSIL-010(Mo? annealed 1 hour 
at 800°C, ٣٦ 
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Figure A2 Fracture Surface for Tensile Specimen of Water 
Quenched VACROSIL-010¢(Mo> annealed 1 hour at 
(a) 900°C (1.60KX) abd 4b) 1000°C (1. 03KX). 
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Figure A.3 Fracture Surface for Tensile Specimen of Water 
Quenched VACROSIL-010(Mo) annealed 1 hour at 
100 ٣٣٣٦ 
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